The formation of stable radiation damage in solids often proceeds via so-called dynamic annealing (DA) processes, involving migration, recombination, and clustering of mobile point defects during irradiation [1] [2] [3] [4] [5] [6] [7] . The efficiency of DA depends non-trivially on irradiation conditions, including ion energy, mass, dose, dose rate, and target temperature (T ). Due to such complexity, our understanding of DA remains limited even for Si, which is arguably the most extensively studied material [8] .
Since the mobility of radiation-generated point defects is often thermally activated, DA processes can be quantified by measuring their activation energies (E a s). However, previous investigations [1, 3, 9, 10] of the effect of ion mass on DA in Si have revealed complex behavior with a wide spectrum of E a s, ranging from ∼ 0.2 to 1.7 eV, depending on ion mass, T , and the measurement method used. For example, Goldberg et al. [3] , building on the work of Schultz et al. [1] , systematically studied the onset of bulk amorphization in Si bombarded with 80 keV ions with masses from 12 C to 132 Xe at T s from ∼ 10 to 300
• C. They [3] found E a s in a wide range of ∼ 0.7 − 1.7 eV, increasing close-to-linearly with either ion mass or T . In another systematic study, Kinomura et al. [10] , following the work of Linnros et al. [9] , measured T -dependencies of the rate of ion-beam-induced epitaxial crystallization
and found E a values of ∼ 0.2 − 0.4 eV in the T range of ∼ 150 − 400
• C for irradiation with 3 MeV C, Si, Ge, or Au ions.
As discussed in detail recently [7] , such inconsistency in E a values can be understood by noting that, in all these previous studies [1, 3, 9, 10] , the dose rate was used as the rate of the kinetic process in the Arrhenius relationship. In this case, E a s are effectively extracted from T -dependencies of the DA efficiency (that reflects the fraction of ballistically-generated
Frenkel defects that participate in DA) rather than of the DA rate [7] .
To circumvent this problem, DA rates in Si were recently studied by a pulsed ion beam method [5] [6] [7] . In this method, a continuous ion beam is split into a train of equal square pulses, and the time constant of DA is measured directly by studying lattice disorder as a function of the time interval between adjacent pulses, with all the other irradiation parameters kept constant. Measurements of T -dependencies of the DA rate in Si bombarded with 500 keV Ar ions have revealed two well-defined regimes with E a s of ∼ 0.1 and 0.4 eV, below and above a critical temperature (T c ) of ∼ 60 • C, respectively [7] . These experimental results together with rate theory modeling have pointed to a crucial role of the migration of Frenkel pair defects in inter-cascade DA in Ar-ion bombarded Si [7] . However, many questions remain unanswered. In particular, are these two E a s of 0.1 and 0.4 eV and a T c of 60 [5, 7] . To improve thermal contact, the samples were attached to a Cu sample holder with conductive Ag paste. All irradiations were performed in a broad beam mode (rather than with rastered beams) [5] . The total ion dose was split into a train of equal square pulses with instantaneous dose rates (F on ) of 2.7×10 13 , 1.9×10 13 , 0.8×10 13 , and 0.45×10 13 cm −2 s −1 for Ne, Ar, Kr, and Xe, respectively.
In each case, the pulse duration (t on ) was 1 ms. The adjacent pulses were separated by time t of f , which was varied between 0.1 and 100 ms. The inset in Fig. 1 (b) shows a schematic of the time dependence of the instantaneous dose rate and defines pulsing parameters t on , t of f , and F on .
The dependence of lattice damage on t of f was studied ex-situ at room T by ion channeling with 2 MeV 4 He + ions incident along the [100] direction and backscattered into a detector at 164
• relative to the incident beam direction. Raw channeling spectra were analyzed with one of the conventional algorithms [12] for extracting depth profiles of relative disorder.
Values of average bulk relative disorder (n) were obtained by averaging depth profiles of relative disorder over 20 channels (∼ 38 nm) centered on the bulk defect peak. Error bars of n are standard deviations. Total ion doses at different T s and ion masses were different and chosen such that, for continuous beam irradiation (i.e., t of f = 0), n was in the range of 0.6 − 0.9 (with n = 1 corresponding to full amorphization).
Three-dimensional distributions of ballistically-generated lattice vacancies in Si were calculated with the TRIM code (version SRIM-2013.00, full cascade calculations) [13] with an atomic concentration of 5 × 10 22 at. cm −3 and a threshold energy for atomic displacement of 15 eV. For every ion species, ρ was calculated with a fractal model from Ref. 11 by averaging over 600 individual cascades. We defined ρ as the average local density of lattice vacancies within individual cascades with an averaging radius of 20 nm, which was chosen based on our recent estimates of the effective diffusion length of the mobile defects dominating DA in
Si [11] .
Figures 1(a) and 1(b) show representative depth profiles of relative disorder in Si bombarded at 100 and 140
• C, respectively, with continuous (t of f = 0 ms) or pulsed (t of f = 1 and 2 ms) beams of Ar or Xe ions. It is seen that, for both T s, these depth profiles are bimodal, with the first small peak at the sample surface, and the second major peak in the crystal bulk. The bulk defect peaks are centered on ∼ 500 and 180 nm for Ar and Xe ions, respectively. These correspond to positions of the maxima of nuclear energy loss profiles (R pd ) for these ions [13] . Figure 1 further reveals that the average bulk disorder (n) decreases with increasing t of f at both T s and for both ion species. The decrease in n with increasing t of f is, however, much larger for the case of lighter Ar than for heavier Xe ion irradiation, reflecting a decrease in the DA efficiency with increasing ion mass. All these observations are in qualitative agreement with results of our previous pulsed beam study of Si at room T [6] . Xe, Kr, and Ne ions. It is seen that, for all the T s and ion species studied, n monotonically decreases with increasing t of f . This effect is due to inter-cascade DA that involves the interaction of mobile defects generated in different pulses and, hence, in different collision cascades. Solid lines in Fig. 2 are fits of the data via the Marquardt-Levenberg algorithm [14] with the first order decay equation, n(t of f ) = n ∞ + (n(0) − n ∞ ) exp(−t of f /τ ), with τ and n ∞ as the fitting parameters. Here, τ is the DA time constant, and n ∞ is relative bulk disorder for t of f >> τ . In all the cases, R-squared values of the fitting were > 0.96.
In Fig. 3 , we plot τ (T ) dependencies, obtained by fitting n(t of f ) data from Fig. 2 (and from [7] for Ar ions), in the Arrhenius coordinates, with the DA rate defined as τ −1 for a first order decay process, and with kT having the usual meaning. It reveals a monotonic decrease of τ with increasing T or decreasing ion mass (and, hence, ρ). 1.5 × 10 4 , and 7.9 × 10 3 Hz for Ne, Ar, Kr, and Xe ions, respectively. The low-T E a is ∼ 0.1 eV for all the ion species studied, while the high-T E a is ∼ 0.4 eV for Ne, Ar, and Kr, and it doubles for the case of Xe. Figure 3 also shows that, for each ion mass, the two Arrhenius regimes are separated by T c , which increases with increasing ion mass and, hence, the cascade density (ρ). This effect is better illustrated in the inset in Fig. 3 , revealing a linear T c (ρ) dependence.
Rate theory modeling in our previous study of Si bombarded with 500 keV Ar ions [7] has attributed the high-T E a of 0.4 eV to the rate-limiting migration of vacancies, which is consistent with a number of previous studies of vacancy diffusion in Si [15] [16] [17] . The low-T E a of 0.1 eV has been associated with the rate-limiting formation of divacancies as the main channel of vacancy annihilation [7] . The fact that DA for bombardment with different ion species, generating cascades in a wide range of ρs, is characterized by the same low-T E a of 0.1 eV (Fig. 3 ) strongly suggests that the rate-limiting DA processes are ρ-independent in this T regime.
In contrast, Fig. 3 shows that, for the high-T regime, E a doubles on increasing ion mass from Kr to Xe. First, we note that such a difference in the high-T E a for Xe and the other ions cannot be attributed simply to a change in T , as in previous experiments of Goldberg et al. [3] . Indeed, the T ranges for Kr and Xe bombardment in Fig. 3 overlap significantly. Such a large change in E a on increasing ion mass from Kr to Xe can be understood by examining depth-dependencies of τ , T c , and ρ. Indeed, ρ is strongly depth dependent. Closer to the sample surface, away from the R pd , ion energy is higher, and the cross section for elastic collisions is lower, leading to lower ρ. This is illustrated by Fig. 4 (left axis, closed symbols), which compares depth profiles of ρ for Kr and Xe ions. It shows that the shape of such profiles is similar to that of nuclear energy loss distributions. The maximum ρ occurs at ∼ 300 and 180 nm for Kr and Xe ions, respectively, and ρ rapidly decreases toward the surface. The vertical dashed line at ∼ 45 nm in Fig. 4 shows the depth at which ρ for Xe is equal to the maximum ρ for Kr. If the change in the high-T E a observed for Xe ions is a ρ-related effect, E a is expected to decrease to ∼ 0.4 eV at depths 45 nm. shown that the low-T E a of 0.1 eV for both Xe and Kr is, within error bars, independent of depth.
In contrast to the case of Kr, Fig. 4 (right axis) shows that the high-T E a for Xe ions decreases close-to-linearly from ∼ 0.95 eV at ∼ 300 nm (which is well beyond the maximum of the bulk relative disorder at R pd = 180 nm) to ∼ 0.7 eV at ∼ 100 nm. At shallower depths, where ρ 0.045 at.%, the high-T E a for Xe reduces more rapidly to ∼ 0.45 eV. Hence, for cascades with ρ 0.045 at.%, DA appears to be rate-limited by the migration of Frenkel pair defects as discussed above [7] . For denser cascades, a different high-T DA mechanism characterized by a larger and ρ-dependent E a becomes dominant. This high-cascade-density regime could be associated with the onset of collective phenomena of the formation of energy spikes (i.e., thermal and/or displacement spikes) [18] . Such energy spikes lead to the formation of zones of heavily disordered or amorphous material. The new thermally-activated DA mechanism with a high E a could involve processes of defect interaction with the defective zones formed in energy spikes. Specific DA mechanisms in the regime of dense collision cascades could be revealed in future theoretical and modeling work benchmarked against our experimental data. These ρ-driven defect interaction dynamics phenomena also call for future systematic high-depth-resolution and high-precision measurements with an extended range of ρ values produced by heavier and/or cluster ions. 
